Abstract Methamphetamine (METH) and 3,4-methylenedioxymethamphetamine (MDMA, ecstasy) are amphetamine derivatives with high abuse liability. These amphetaminerelated drugs of abuse mediate their effects through the acute activation of both dopaminergic and serotonergic neurons. Long-term abuse of these amphetamine derivatives, however, results in damage to both dopaminergic and serotonergic terminals throughout the brain. This toxicity is mediated in part by oxidative stress, metabolic compromise, and inflammation. The overall objective of this review is to highlight experimental evidence that METH and MDMA increase oxidative stress, produce mitochondrial dysfunction, and increase inflammation that converge and culminate in the long-term toxicity to dopaminergic and serotonergic neurons.
Introduction
The amphetamine derivatives methamphetamine (METH) and 3,4-methylenedioxymethamphetamine (MDMA, ecstasy) are highly abused drugs with potent stimulating effects in the central nervous system. The acute central and peripheral effects of both METH and MDMA are illustrated by increases in euphoria and mood, decreases in appetite, increases in alertness, and hyperthermia. Many of these acute effects are believed to play a role in the high abuse liability of these amphetamine-related drugs of abuse. The high abuse potential of these substituted amphetamines is supported by current statistics reported in the 2006 National Survey on Drug Use and Health wherein it was estimated that 500,000 to 700,000 individuals age 12 and older had used METH and MDMA within the past month. The survey also highlighted the profound comorbidity between chronic substance abuse and treatment for psychiatric disorders. Additionally, a 2005 study by the Drug Abuse Warning Network reported that 138,950 emergency room visits were attributed to amphetamine-related drugs of abuse, thus highlighting the potentially harmful effects associated with the use of METH and MDMA. Taken together, these epidemiological studies illustrate the health-related risks of the amphetamine compounds and the importance for determining how these drugs function acutely and how their chronic use may have long-term consequences. related compounds enhance the release of DA and 5HT is mediated, in part, by their interaction with dopamine and serotonin transporters (DAT and SERT, respectively) and the subsequent entry into dopaminergic and serotonergic nerve terminals. Upon entry into the terminal, amphetamines disrupt the sequestration of neurotransmitters by the vesicles resulting in increased levels of neurotransmitter in the cytosol and subsequent reverse transport out of the nerve terminal (Sulzer et al. 2005) . The specificity of amphetamine compounds for dopaminergic versus serotonergic terminals is dependent upon their structure. The parent compound amphetamine has a much greater affinity for DAT versus SERT. The addition of the methyl group to the terminal amine of amphetamine enhances the affinity of METH for SERT. Finally, the addition of the methylenedioxy group imparts an even greater relative affinity of MDMA for SERT versus DAT when compared to either amphetamine or METH (Rothman and Baumann 2003) . The greater affinity for SERT compared to DAT results in a greater acute increase in 5HT relative to DA release. This effect is more pronounced after MDMA compared to METH. In contrast, amphetamine has relatively greater effects on DA compared to 5HT release.
In addition to increases in both DA and 5HT, amphetamine-related drugs of abuse also increase extracellular levels of glutamate in both the striatum and hippocampus (Rocher and Gardier 2001; Nash and Yamamoto 1992; Cunningham et al. 2004) . Despite the actions of METH and MDMA at DAT and SERT, there is no indication that increases in glutamate are mediated by a direct interaction with the plasmalemmal glutamate transporter (Kokoshka et al. 1998) . Although the mechanisms of glutamate release are not fully characterized, the increase in glutamate in the striatum after high doses of METH is mediated via a polysynaptic pathway within the basal ganglia and is a consequence of METH-induced DA release (Mark et al. 2004) . Despite an incomplete understanding of how METH and MDMA enhance glutamate release, the fact remains that glutamate, in addition to DA and 5HT, are enhanced after the administration of amphetamine derivatives. These acute increases in DA, 5HT, and glutamate are important for both the acute effects and long-term consequences of amphetamine-related drugs of abuse which will be addressed in this review.
Neurotoxicity profile of METH and MDMA Table 1 summarizes the neurotoxicity profiles of METH and MDMA. The long-term consequences of METH and MDMA use are manifested by a variety of different markers. In preclinical studies, the toxicity of METH and MDMA is evidenced by decreases in markers of dopaminergic and serotonergic neurons. Specifically, METH produces long-lasting decreases in tyrosine hydroxylase immunoreactive fibers and activity (the rate-limiting enzyme for DA synthesis), dopamine reuptake sites, and DA tissue content within the striatum while sparing other DA-rich areas Wagner et al. 1980; Hotchkiss and Gibb 1980; Ryan et al. 1988 ). This METH toxicity to DA neurons occurs in both rodents and nonhuman primates and has been shown to persist for up to 4 years after drug administration in nonhuman primates (Seiden et al. 1976; Bittner et al. 1981; Woolverton et al. 1989) . METH also is toxic to 5HT terminals in multiple brain regions including the striatum, hippocampus, and frontal cortex Seiden et al. 1988) . In contrast, MDMA has a more selective toxicity for 5HT neurons in most species. Specifically, MDMA decreases tryptophan hydroxylase activity, serotonin reuptake sites, 5HT tissue content, and the density of fine axon terminals of 5HT neurons in numerous brain regions in rodents (Stone et al. 1986; Battaglia et al. 1987; Ricaurte et al. 1985; O'Hearn et al. 1988) . MDMA toxicity to 5HT terminals is also evident in nonhuman primates as indicated by decreases in 5HT content and damage to 5HT nerve fibers (Ricaurte et al. 1988) .
Long-term deficits in markers of dopaminergic and serotonergic neurons are not restricted to rodent and nonhuman primate models but are also evident in human METH and MDMA abusers. Clinical studies using functional magnetic resonance imaging to measure changes in DAT levels in human METH abusers indicate that chronic use of METH results in decreased DAT in the striatum that persists for up to 3 years following abstinence (McCann et al. 1998) . The decreases in DAT have been correlated with deficits in working memory associated with chronic METH abuse (McCann et al. 2008) . These working memory deficits associated with METH abuse have also been associated with abnormalities in brain regions other than the striatum. For (Thompson et al. 2004) . In addition to the hippocampal structural abnormalities and striatal dopaminergic deficits, abstinent METH users also display global decreases in SERT in brain regions associated with an aggressive phenotype (Sekine et al. 2006) . Similarly, widespread decreases in SERT are also observed in abstinent MDMA users (McCann et al. 2005) and have been linked to abnormalities in cognitive function and impulsive behaviors (McCann et al. 1999 (McCann et al. , 2000 . Although many clinical and preclinical studies have focused on specific markers of dopaminergic and serotonergic terminal degeneration after the administration of METH and MDMA, other markers are also important to the neurotoxicity profile of these substituted amphetamines. Degenerating axons and cell bodies have been observed after METH and MDMA. Increases in silver staining of degenerating nerve fibers are observed after high-dose METH (Ricaurte et al. 1982) as well as increases in Fluoro-Jade staining indicative of neuronal degeneration after exposure to either METH or MDMA (Eisch et al. 1998; Schmued 2003; Ricaurte et al. 1982) . Morphological changes to glia have also been demonstrated that occur apart from the markers of axonal and cell body degeneration after METH and MDMA. These changes are most reliably illustrated by increases in glial fibrillary fluorescent protein (GFAP) which is used as a marker for central nervous system injury and toxicity. GFAP is increased in the striatum after METH and MDMA (O'Callaghan and Sriram 2005; O'Callaghan and Miller 1994; Pu and Vorhees 1993; Hess et al. 1990 ). Striatal microglia are also activated (Orio et al. 2004; Escubedo et al. 1998) and are only observed after exposure to the amphetamine derivatives that are neurotoxic to DA and 5HT nerve terminals (Thomas et al. 2004) . This is noteworthy in light of the toxicity of amphetamine-related drugs of abuse because activated microglia may increase the levels of proinflammatory cytokines. In fact, METH and MDMA increase the levels tumor necrosis factor (TNF)-α and interleukin (IL)-1β (Orio et al. 2004; Sriram et al. 2006) . Therefore, inflammatory processes may play a role in mediating toxicity of the substituted amphetamines based on the strong link between microglial activation, increases in GFAP, and toxicity to dopaminergic and serotonergic neurons.
Mechanisms of toxicity
Although numerous mechanisms have been suggested to be responsible for METH and MDMA toxicity, the purpose of this review is to highlight the individual and combined roles of oxidative stress, metabolic compromise, and inflammation. Experimental data for increases in markers of free radical production, mitochondrial dysfunction, and microglial activation-inflammatory cytokine production are evident and have been linked to the acute increases in DA and glutamate produced by METH and MDMA administration. The remainder of this review will focus on how these markers of oxidative stress, metabolic compromise, and inflammation mediate the long-term toxicity produced by the amphetamine-related drugs of abuse, METH and MDMA. Table 2 summarizes the mechanisms underlying the toxic effects of these drugs.
Free radical production and oxidative stress
The most direct evidence of increases in free radical production after METH and MDMA administration is the increase in salicylate trapping of hydroxyl radicals and the subsequent rise in the formation of 2,3-dihydroxybenzoic acid (2,3-DHBA) within the striatum (Yamamoto and Zhu 1998; Shankaran et al. 1999; Giovanni et al. 1995) . These increases in free radical production consequently result in increases in markers of lipid peroxidation and protein oxidation, namely malonyldialdehyde and protein carbonyl formation (Yamamoto and Zhu 1998; Gluck et al. 2001; Sprague and Nichols 1995b) . The importance of these acute increases in free radical production in mediating long-term dopaminergic and serotonergic depletions is illustrated in numerous studies investigating the protective role of free radical spin trapping agents and antioxidants. For example, the antioxidant spin trapping agent phenylbutylnitrone protects against METH-induced DA depletions in the striatum and MDMA-induced 5HT depletions in the hippocampus and cortex (Yamamoto and Zhu 1998; Colado and Green 1995) . The ability of the antioxidants, ascorbate and vitamin E, to attenuate DA and 5HT depletions in the striatum after high-dose METH was one of the first indications that METH toxicity occurs through oxidative stress (Wagner et al. 1985; De Vito and Wagner 1989) . Subsequent experiments showed that ascorbate also blocked MDMA toxicity to 5HT neurons in the striatum (Gudelsky 1996) . Numerous other antioxidants including selenium and N-acetylcysteine have been shown to be protective against METH and MDMA toxicity (Imam et al. 1999; Fukami et al. 2004; Sanchez et al. 2003) . The role of oxidative stress in mediating METH and MDMA toxicity is further illustrated by decreases in the activity of the endogenous antioxidants glutathione peroxidase, catalase, and superoxide dismutase observed after either METH or MDMA administration (Jayanthi et al. 1998 (Jayanthi et al. , 1999 . Conversely, transgenic mice overexpressing Cu-Zn superoxide dismutase are relatively resistant to the neurotoxic effects of METH (Cadet et al. 1994 (Cadet et al. , 1995 . Although decreases in endogenous antioxidant enzyme capacity may mediate increased free radical production, acute increases in DA have been shown to play a predominant role in the increases in oxidative stress associated with METH and MDMA administration. The generation of free radical species subsequent to increases in DA is mainly derived from auto-oxidation of DA or enzymatic oxidation by monoamine oxidase (MAO) to result in the production of superoxide and hydrogen peroxide. The production of hydrogen peroxide from the enzymatic metabolism of DA may also be catalyzed by iron to form hydroxyl radicals via the Fenton reaction (Olanow 1992; Cohen 1987) . Additionally, cytotoxic quinone formation can occur following the auto-oxidation of DA and is an important mediator of DA toxicity (Fornstedt et al. 1989; Stokes et al. 1999) . A supporting role of DA and dopaminederived free radical species and cytotoxic quinones has also been proposed to mediate METH toxicity (LaVoie and Hastings 1999) . Decreased synthesis of DA or blockade of DAT protects against METH toxicity (Marek et al. 1990; Schmidt et al. 1985) . Additionally, removal of iron by the iron chelator deferoxamine attenuates the long-term decreases in DA tissue content in the striatum after METH administration (Yamamoto and Zhu 1998) .
DA is also an important mediator of MDMA toxicity. MDMA-induced 5HT depletions are exacerbated by enhancing DA concentrations via pretreatment with the DA precursor L-3,4-dihydroxyphenylalanine (DOPA; Schmidt et al. 1991) . Conversely, inhibition of DA synthesis, depletion of DA stores with reserpine, or destruction of DA neurons attenuates MDMA-induced damage to 5HT neurons (Stone et al. 1988; Schmidt et al. 1990) . Similarly, pretreatment with the DA uptake inhibitor mazindol attenuates MDMA-induced increases in extracellular DA, increases in 2,3-DHBA formation, and depletions in 5HT (Shankaran et al. 1999) . Moreover, inhibition of DA metabolism is protective as evidenced by the blockade of MDMA toxicity via inhibition or gene knockdown of MAO (Sprague and Nichols 1995a; Falk et al. 2002) .
Despite a clear role of DA in mediating MDMA toxicity, there are also caveats associated with how DA may mediate MDMA-induced depletions in 5HT in brain areas that are sparsely innervated by DA. In this regard, a recent study by Breier et al. implicated a role for the DA precursor tyrosine in mediating MDMA toxicity (Breier et al. 2006) . The novel findings from this study are twofold. First, tyrosine levels increase in the brain after MDMA administration. Second, tyrosine can be converted to DA within 5HT terminals via nonenzymatic hydroxylation to DOPA followed by DA via aromatic amino acid decarboxylase (AADC). This conversion of tyrosine to DA can directly mediate toxicity as blockade of AADC blocks MDMA-induced 5HT depletions.
In addition to a prominent involvement of DA-mediated oxidative stress in METH and MDMA toxicity, acute increases in glutamate also contribute to METH-and MDMA-induced oxidative stress and toxicity. Acute increases in glutamate may activate both ionotropic and metabotropic glutamate receptors and increase intracellular calcium levels. Increases in calcium may lead to activation of a variety of proteases and kinases that result in breakdown of cytoskeletal proteins and the formation of reactive oxygen species Tymianski 2000, 2001) . One specific protease activated by the increases in intracellular calcium is calpain which degrades the cytoskeletal membrane protein, spectrin (Siman and Noszek 1988) . Along these lines, high-dose METH administration increased striatal spectrin proteolysis that was blocked by pretreatment with the AMPA receptor antagonist GYKI (Staszewski and Yamamoto 2006) . Breakdown of other cytoskeletal proteins that are vulnerable to proteolysis by calpain, such as the microtubule-binding protein tau, is also observed in the hippocampus after METH administration (Warren et al. 2005) . Calpain-induced breakdown of tau and spectrin is also observed in primary cortical cultures after both METH and MDMA application (Warren et al. 2007) . Despite these increases in in vitro markers of tau and spectrin breakdown after exposure to METH or MDMA, in vivo evidence for cleaved tau formation is observed only after neurotoxic doses of METH but not MDMA (Straiko et al. 2007) .
Despite these differences between METH and MDMA on calpain-mediated cytoskeletal protein breakdown, other downstream effects of calpain activation may occur in relation to METH-and MDMA-induced increases in oxidative stress. Glutamate-mediated calpain activation also catalyzes the conversion of xanthine dehydrogenase to xanthine oxidase. Xanthine oxidase promotes the catabolism of xanthine and hypoxanthine to uric acid, yielding oxygen free radicals in the process (Dykens et al. 1987) . Additional free radical species may be produced by activation of NMDA receptors resulting in stimulation of phospholipase A 2 and the release of arachidonic acid. Lipoxygenase and cyclooxygenase (COX) conversion of arachidonic acid to eicosanoids may also increase oxygen free radicals (Dumuis et al. 1988; Lazarewicz et al. 1988) . In light of the glutamate-receptor-mediated increases in oxygen free radical production and the role of free radical species in METH and MDMA toxicity, pretreatment with the NMDA receptor antagonist MK-801 protects against METH and MDMA toxicity to DA and 5HT terminals, respectively (Farfel et al. 1992) . Caveats to these studies exist however, such that NMDA receptor antagonism also blocks METH-and MDMA-induced hyperthermia, a factor also important in mediating toxicity (Farfel and Seiden 1995a, b; Bowyer et al. 1994) . Despite the difficulties in delineating the role of NMDA receptors versus hyperthermia in mediating METH and MDMA toxicity, other glutamate receptor systems have been implicated. For example, pretreatment with the metabotropic GluR5 antagonists MPEP and SIB-1893 attenuate METH toxicity without altering METH-induced hyperthermia (Battaglia et al. 2002) . These GluR5 antagonists also attenuate METHinduced increases in 2,3-DHBA formation, thus associating glutamate receptor activation, oxidative stress, and METH toxicity. Moreover, the blockade of METH-induced glutamate release in the striatum is also protective against toxicity (Mark et al. 2004) .
Excitotoxicity produced by METH and MDMA also may occur via the production of nitric oxide (NO). NO formed from the activation of nitric oxide synthase (NOS) following glutamate-mediated calcium entry through NMDA receptors has been shown to be neurotoxic (Dawson and Dawson 1996) . NO can react with superoxide to form the oxidant, peroxynitrite (ONOO − ; Radi et al. 1991; Lafon-Cazal et al. 1993) . In fact, METH-induced DA toxicity can be blocked by the NOS inhibitor 7-nitroindazole and the peroxynitrite decomposition catalyst FeTPPS (Imam et al. 2000; Itzhak and Ali 1996) . Similar effects are observed with regards to MDMA toxicity such that decreasing NO via inhibition of NOS and decreasing ONOO − by pretreatment with a peroxynitrite decomposition catalyst attenuate MDMA-induced depletions in striatal 5HT (Darvesh et al. 2005) . The mechanism through which NO and ONOO − mediate the toxicity of substituted amphetamines is not completely understood; however, one suggested mechanism is through their ability to oxidatively modify both tyrosine and cysteine residues on proteins (Stamler and Hausladen 1998) . In this regard, an overall increase in nitration of tyrosine residues, as evidenced by 3-nitrotyrosine formation, is evident in the striatum after highdose METH and MDMA administration (Quinton and Yamamoto 2006 ). An increase in NO-and ONOO − -mediated nitration of proteins is important in light of the fact that tyrosine hydroxylase and tryptophan hydroxylase, biosynthetic enzymes of DA and 5HT, respectively, are readily nitrated by both NO and ONOO − (Kuhn and Arthur 1997; . Therefore, the oxidation and nitration of proteins associated with DA and 5HT terminals may be important mediators of METH and MDMA toxicity. In fact, some of the first evidence for the role of oxidation and nitration of proteins in METH and MDMA toxicity stemmed from the observation that MDMA produced an inactivation of tryptophan hydroxylase that was reversed by sulfhydryl-reducing compounds (Stone et al. 1989; Gibb et al. 1990 ). Subsequently, METH-and MDMA-induced modifications to both tyrosine and tryptophan hydroxylase have been demonstrated and illustrate a specific target for substituted amphetamine-induced increases in reactive oxygen and reactive nitrogen species (RNS; Kuhn and Geddes 2000) . More direct evidence for the role of protein nitration in toxicity was recently presented in a study by Eyerman and Yamamoto (2007) which illustrated that the immunoreactivity of the vesicular monoamine transporter 2 (VMAT2), the protein responsible for the uptake of DA into vesicles, was decreased and nitrosylated as early as 1 h after repeated highdose METH. Both the increases in nitrosylation and decreases in protein were blocked by prior administration of the NOS inhibitor, S-methyl-L-thiocitrulline. These alterations in the VMAT2 protein are important in light of the fact that VMAT2 plays a permissive role in METH toxicity to DA terminals (Fumagalli et al. 1999; Fleckenstein et al. 2000) . Additionally, the study by Eyerman and Yamamoto (2007) provides one example of how glutamate and dopamine interact and converge to mediate METH toxicity such that glutamatemediated nitration of VMAT2 decreases the sequestration of DA, thus elevating cytosolic DA concentrations and DAderived oxidative species and increasing the vulnerability of the DA terminal to oxidative stress.
Metabolic compromise
Alterations in brain energy utilization are evident after both METH and MDMA administration. Studies in rodent models using 2-deoxyglucose illustrate acute increases in glucose metabolism in brain areas of the extrapyramidal motor system after intravenous administration of METH (Pontieri et al. 1990 ). Similar increases in cerebral glucose utilization are observed after MDMA administration in comparable brain areas associated with locomotion, such as the globus pallidus and striatum (Quate et al. 2004 ). Additionally, increases in extracellular glucose concentrations in the striatum with accompanying decreases in brain glycogen are observed acutely after MDMA administration and are suggestive of an increase in the use of cerebral energy (Darvesh et al. 2002) . Despite these acute increases in energy utilization after METH and MDMA administration, long-term decreases in cerebral glucose metabolism occur for up to 60 days in rats after high-dose METH and illustrate that initial increases in energy utilization are accompanied by long-term impairments in energy metabolism (Huang et al. 1999) . In addition to alterations in glucose metabolism, other markers indicative of acute energy use are evident. For example, decreases in levels of adenosine triphosphate (ATP) are observed acutely in the striatum and hippocampus after high-dose METH and MDMA administration (Chan et al. 1994; Darvesh and Gudelsky 2005) . The decreases in ATP after METH administration are potentiated by inhibiting glucose uptake and utilization suggesting that acute changes in glucose utilization are important in the maintenance of sufficient ATP levels within the brain. Additionally, the potentiated decreases in ATP produced by inhibition of glucose uptake and utilization are associated with a potentiation of long-term decreases in DA tissue content in the striatum and implicate a role of energy impairment in METH-induced dopaminergic toxicity (Chan et al. 1994) . A role for energy impairment in METH and MDMA toxicity is further evidenced by studies that demonstrate the potentiation of both METH and MDMA toxicity by the coadministration of metabolic inhibitors. For example, central administration of METH, which alone does not produce toxicity, synergizes with the mitochondrial complex II inhibitor malonate to deplete striatal dopamine (Burrows et al. 2000b) . Similarly, coinfusion of MDMA and malonate synergistically depletes striatal 5HT. Despite the fact that systemic MDMA produces long-term depletions of 5HT but is not toxic to dopaminergic neurons, it is interesting to note that, when combined with malonate, MDMA depletes levels of DA in the striatum (Nixdorf et al. 2001) . Conversely, METH and MDMA toxicity is attenuated by supplementation with energy substrates. For example, augmentation of energy metabolism via intrastriatal infusion with either ubiquinone or nicotinamide can block METH-induced depletions in striatal DA content (Stephans et al. 1998) . Similarly, perfusion of both ubiquinone and nicotinamide attenuates MDMA-induced depletions in 5HT in the striatum and hippocampus (Darvesh and Gudelsky 2005) . Overall, these studies illustrate the role of metabolic compromise in mediating the toxicity of amphetamine-related drugs of abuse.
In addition to the aforementioned studies implicating energy dysregulation in toxicity after METH and MDMA administration, other studies have directly illustrated alterations in electron transport chain (ETC) activity after highdose METH and MDMA administration. As the ETC is the main source of ATP within the brain, alterations in ETC activity may be in part responsible for the decreased levels of ATP seen following METH and MDMA. The first investigation of METH-and MDMA-induced alterations in the function of specific ETC complexes was by Burrows et al. (2000a, b) , illustrating that both METH and MDMA decrease levels of cytochrome oxidase, a marker of ETC complex IV activity (Burrows et al. 2000a ). Subsequent studies have also investigated alterations in other mitochondrial electron transport chain complexes. Specifically, a decrease in complex II-III but not I-III activity was observed in the striatum at both 1 and 24 h after METH (Brown et al. 2005 ). This decrease in activity was not a direct effect of METH as in vitro incubation of a mitochondrial preparation with METH did not alter complex II-III activity at levels of METH similar to those observed in the brain after high-dose administration. The decreases in complex II activity, however, were dependent on METH-induced increases in glutamate as evidenced by the ability of the NMDA antagonist, MK-801, to block the METH-induced decreases in complex II-III activity. In addition to glutamate, a role for the downstream production of ONOO − was also demonstrated. In vitro application of ONOO − decreased complex II activity and the ONOO − scavenger blocked METH-induced decreases in complex II-III activity, implicating a role of both glutamate and glutamate-mediated ONOO − production in METH-induced decreases in mitochondrial activity. In addition to the mitochondrial effects of METH, reductions in both complex I and complex II ETC activity are also observed 12 h after high-dose MDMA administration (Quinton and Yamamoto 2006) . Despite these decreases in activity, the responsible mechanisms are unknown; however, similar to METH, increases in either reactive oxygen or nitrogen species may also play an important role in mediating the MDMA-induced decreases in mitochondrial ETC activity.
Inflammation
The role of inflammation in the toxicity of amphetaminerelated drugs of abuse is not as well defined as that of oxidative stress and metabolic compromise, but increases in neuroinflammation after both METH and MDMA administration are noted by an increase in the activation of microglia (Orio et al. 2004; Escubedo et al. 1998) . The activation of microglia results in the secretion of a variety of reactive species including proinflammatory cytokines, prostaglandins, nitric oxide, and superoxide, all of which can damage neuronal tissue (Kreutzberg 1996; Hanisch 2002) . The importance of microglial activation in mediating METH and MDMA toxicity is highlighted by the fact that only the neurotoxic amphetamines produce microglial activation (Thomas et al. 2004) . Additional support for the role of microglial activation in METH toxicity is illustrated by the observation that microglial activation precedes the appearance of damage to dopaminergic neurons in the striatum produced by METH (LaVoie et al. 2004) . One mechanism by which microglial activation may contribute to neurotoxicity is via increases in the expression of cytokines such as IL-1β, IL-6, and TNF-α that initiate and promote neuroinflammation (Streit et al. 1999; Stoll and Jander 1999) . In fact, a single high dose of METH increases striatal mRNA levels of IL-1α, IL-6, and TNF-α and hypothalamic mRNA levels of IL-1β (Sriram et al. 2006; Yamaguchi et al. 1991) . The importance of these increases in cytokine production in relation to METH toxicity are illustrated by an attenuation of toxicity to both dopaminergic and serotonergic neurons in IL-6 knockout mice (Ladenheim et al. 2000) . Despite this attenuation, an exacerbation of METH toxicity is observed in TNF-α knockout mice with an accompanying attenuation of toxicity by exogenous administration of TNF-α (Nakajima et al. 2004 ). The protective effects of exogenous TNF-α, however, were due in part to increases in vesicular DA uptake by TNF-α that counteracted the METH-induced decreases in vesicular uptake, thus resulting in an overall reduction in METH-induced increases in free cytosolic DA. Despite the increase in levels of proinflammatory cytokines, the precise role of these increases in proinflammatory cytokine production in mediating toxicity to METH is still under investigation. Similarly, very few studies have illustrated a role for proinflammatory cytokines in the toxicity of MDMA. The only report of increases in proinflammatory cytokine production after MDMA administration is a significant increase in IL-1β after a single dose of MDMA (Orio et al. 2004) . Moreover, the intracerebroventricular administration of IL-1β potentiated MDMA-induced 5HT toxicity (O'Shea et al. 2005) .
In addition to the paucity of research on the role of proinflammatory cytokines in mediating METH and MDMA toxicity, the role of anti-inflammatory drugs in blocking toxicity of amphetamine-related drugs of abuse is controversial and not well understood. For example, the nonsteroidal anti-inflammatory drug ketoprofen attenuated METH-induced increases in microglia activation and decreases in striatal DAT (Asanuma et al. 2003) but was ineffective at blocking METH-induced decreases in striatal DA tissue content (Thomas and Kuhn 2005a) . In fact, pretreatment with the COX-2 inhibitor celecoxib potentiated the decrease in METH-induced striatal DA depletions (Zhang et al. 2007 ), a result that is in accord with the decrease in COX-2 expression measured at 24 h after METH (Kita et al. 2000) . Similar variations are observed with administration of the anti-inflammatory drug, minocycline which attenuates METH-induced microglial activation but does not block METH-induced increases in TNF-α or striatal DA toxicity (Sriram et al. 2006) . Despite the inability of minocycline to block METH toxicity and the conflicting results with COX-2 inhibitors, COX-2 knockout mice are resistant to METH toxicity (Thomas and Kuhn 2005a) and minocycline does block MDMA-induced toxicity to 5HT in the striatum and hippocampus (Zhang et al. 2006) .
Although there are conflicting data regarding the roles of specific cytokines in mediating METH and MDMA toxicity, it is well accepted that microglia are activated after administration of neurotoxic amphetamine derivatives. The mechanism of microglial activation is not well characterized but there appear to be roles for both DA and glutamate in mediating METH-induced microglial activation. The role of DA has not been tested directly; however, DA quinone formation is increased after high-dose METH (LaVoie and Hastings 1999) and DA quinones can activate microglia (Kuhn et al. 2006 ). In addition, microglia are also activated by METH-induced glutamate efflux that, in turn, can be blocked by the NMDA receptor antagonist, MK-801 (Thomas and Kuhn 2005b) . Overall, given the paucity of research on mechanisms of microglial activation and given the controversial data regarding the role of cytokine activation in METH and MDMA toxicity, future studies are needed to further characterize the mechanism of METH-and MDMA-induced increases in microglial activation and to delineate the contribution of not only cytokines but other factors secreted from activated microglia.
Interactions between oxidative stress, metabolic compromise, and inflammation Oxidative stress, metabolic compromise, and inflammation not only mediate toxicity individually but also interact collectively to perpetuate METH and MDMA toxicity. There are multiple interactions and a few examples are highlighted. With regards to the interaction between oxidative stress and metabolic compromise, mitochondria are known to be the primary source of intracellular reactive oxygen species generation (Chance et al. 1979) . Not only do mitochondria produce a large amount of ROS under normal conditions but inhibition of mitochondrial ETC function with the complex II-III inhibitor 3-nitropropionic acid increases ROS production (Schulz et al. 1996) . As both METH and MDMA decrease the function of complex II-III activity, decreased mitochondrial function may result in an enhancement of oxidative stress. Moreover, decreased levels of ATP could disrupt membrane potential, decrease glutamate uptake, and depolarize the cell to cause the release of glutamate and further potentiate the increases in extracellular glutamate concentrations (Lipton and Rosenberg 1994) . This enhancement in extracellular glutamate could subsequently result in increases in ROS and RNS production via NMDA receptor activation. Increases in ROS and RNS could then feedback to produce a greater decrease in glutamate uptake resulting in a feed forward production of oxidative stress (Volterra et al. 1994) .
Oxidative stress and metabolic compromise are also mediators of inflammation. The contribution of oxidative stress to inflammation is illustrated by a decrease in the inflammatory response to ischemia after pretreatment with antioxidants (Bemeur et al. 2005; Bowler et al. 2002) . This attenuation of inflammation by antioxidants is also observed in mice challenged with lipopolysaccharide (LPS; Shen et al. 2005) . Similarly, disruption of mitochondrial function with 3-nitroproprionic acid activates microglia (Ryu et al. 2003 ) and inhibition of complex I mitochondrial function with rotenone activates microglia and promotes TNF-α production (Liu et al. 2006; Sherer et al. 2003) . Although these effects of mitochondrial inhibition on microglial activation may be mediated via secondary increases in ROS, the importance of both oxidative stress and metabolic compromise in mediating inflammatory responses is clear.
The bidirectional interactions between inflammation, oxidative stress, and metabolic compromise are further supported by the findings that inflammation enhances oxidative stress and metabolic dysfunction. The induction of inflammation by LPS increases oxidative stress in both the rat heart and brain (Ben Shaul et al. 2001; Zujovic et al. 2001) as well as in primary rat microglial cell cultures stimulated with LPS in vitro (Candelario-Jalil et al. 2007 ). Furthermore, increases in lipid peroxidation, decreases in antioxidant enzymes, as well as decreases in mitochondrial membrane potential and redox activity are observed in vivo following an LPS challenge to mice (Noble et al. 2007) or to microglial cell lines in vitro (Moss and Bates 2001) . The effects of ROS also can directly affect the mitochondria as evidenced by increases in protein carbonyl formation, lipid peroxidation, and tyrosine nitration of mitochondria 3 days after LPS challenge (Hunter et al. 2007) . Moreover, the LPS-induced increases in ROS can be attenuated by the mitochondrial specific antioxidant, MitoQ (Barhoumi et al. 2004) . Therefore, the importance of inflammation in mediating both oxidative stress and metabolic compromise is clearly evident.
The interactions between oxidative stress and metabolic compromise are important in light of the similarities between the mechanisms of substituted amphetamine toxicity and LPS-induced inflammation, given the fact that both amphetamines and LPS-induced inflammation increase oxidative stress and produce mitochondrial dysfunction. Despite these similarities, the toxicity profile between amphetamines and LPS is distinct in that LPS-induced inflammatory responses decrease markers of DA cell bodies in the substantia nigra, whereas METH is toxic to dopaminergic terminals in the striatum (Hunter et al. 2007; Ricaurte et al. 1982) . Despite these distinctions between the toxicity profiles of LPS and METH, both inflammation and amphetamine-related drugs of abuse produce neurodegeneration to the nigrostriatal DA system via a mechanism involving oxidative stress and metabolic compromise.
The matrix metalloproteinases: convergence of oxidative stress, metabolic compromise, and inflammation
The matrix metalloproteinases (MMPs) are proteolytic enzymes that are involved in cleavage and remodeling of the extracellular matrix. The MMP family consists of more than 18 members that have similar N-terminal domains and require Zn 2+ for their enzymatic activity (Ethell and Ethell 2007) . Although most of the MMPs are not constitutively expressed, MMPs have been shown to be activated in numerous disease states and after a variety of insults. As MMPs can degrade the extracellular matrix, regulation of their activity is essential. The regulation of MMP activity can occur via induction of gene transcription, proenzyme activation, and the action of endogenous tissue inhibitors of metalloproteinases (Yong et al. 1998) . Of specific interest are MMP-2 and MMP-9, gelatinases that are capable of cleaving gelatin, collagens IV and V, and fibronectin (Yong et al. 2001) . With regards to their expression, MMP-2 is constitutively expressed and is normally present in brain tissue and cerebrospinal fluid, whereas MMP-9 is present at low levels but can be upregulated in many disease states (Rosenberg and Mun-Bryce 2004) . Both MMP-2 and MMP-9 have been implicated in cerebral ischemia, kainate-induced neuronal injury, and remodeling associated with hippocampal long-term potentiation and memory (Szklarczyk et al. 2002; Lo et al. 2002; Nagy et al. 2006) .
Although numerous mechanisms mediate the activation of MMP-2 and MMP-9, their activation by oxidative stress, metabolic compromise, and inflammation is of particular interest. The contribution of oxidative stress to MMP-2 and MMP-9 activation is illustrated by increases in MMP-2 and MMP-9 activity in brain microvascular endothelial cells following treatment with donors of nitric oxide, superoxide, and peroxynitrite (Haorah et al. 2007 ). The importance of oxidative stress and free-radical-induced increases in MMP-2 and MMP-9 activity have also been observed in numerous other systems, including superoxide dismutase knockout mice that demonstrate increased MMP-2 and MMP-9 activity in response to cerebral ischemia (Jian and Rosenberg 2005; Gasche et al. 2001) . Similar free-radicalmediated increases in pro forms of MMP-2 and MMP-9 and active MMP-9 are observed in the striatum of mice after injection of the complex II mitochondrial inhibitor 3-nitropropionic acid . Induction of inflammatory responses and cytokine production also produces activation of both MMP-2 and MMP-9 in vitro and in vivo. In vitro stimulation of rat brain endothelial cells with LPS results in the induction of MMP-9 (Harkness et al. 2000) and stimulation of astrocyte cultures with LPS, IL-1β, or TNF-α for 24 h results in an increased expression of MMP-9 mRNA and activity of MMP-2 and MMP-9 Wells et al. 1996) . Mixed cultures of astrocytes and microglia also produce an active form of MMP-9 when stimulated by LPS (Colton et al. 1993) . Additionally, LPS and IL-1 increase the activity of both MMP-2 and MMP-9 in cultured microglia (Rosenberg et al. 2001 ). There also is an increased production of MMP-9 in brain after intracerebral injection of LPS or TNF-α (Rosenberg et al. 1995; Mun-Bryce and Rosenberg 1998) . Overall, these data support a clear role for oxidative stress, mitochondrial inhibition, and inflammatory responses in producing activation of MMP-2 and MMP-9.
Similar to the increases in oxidative stress, decreases in mitochondrial function, and increases in inflammatory responses that occur after the administration of amphetamine-related drugs of abuse, MMP-2 and MMP-9 are also activated by METH and MDMA. Our laboratory recently illustrated an increase in both pro and active forms of MMP-9 in the hippocampus 24 h following high-dose METH administration (7.5 mg/kg q 2 h × 4). The effects of METH on the active form of MMP-2 were not investigated, although no changes in pro MMP-2 were detected (Fazo et al. 2008) . Based on the evidence that METH-induced increases in oxidative stress, decreases in mitochondrial function, and increases in inflammation play important roles in toxicity, it could be hypothesized that increases in MMP activation after METH administration may play a role in METH-induced toxicity.
One possible mechanism by which increased activity of MMP-2 and MMP-9 may mediate METH toxicity is via an increase in blood brain barrier (BBB) permeability. In fact, a single high-dose challenge of METH can produce increase markers of BBB permeability that, in turn, may be important in mediating METH toxicity to dopamine terminals (Bowyer and Ali 2006) . Although the precise mechanism of BBB permeability is unknown, MMP activation may play a role. The potential role of MMPs in BBB disruption is further illustrated by an increase in BBB permeability following induction of MMP-9 with LPS. This increase in BBB permeability is blocked by the MMP inhibitor BB-1101 (Mun-Bryce and Rosenberg 1998). Additional support is illustrated by the action of MMPs on proteins associated with BBB integrity. Specifically, degradation of extracellular matrix proteins and phosphorylation of tight junction proteins occur in brain microvascular endothelial cells following MMP-2 and MMP-9 stimulation by ROS (Haorah et al. 2007) . Given the ability of MMPs to modify the BBB and the fact that METH increases BBB permeability, it could be hypothesized that METH-induced increases in BBB permeability are mediated by MMP-2 and MMP-9 activation via a mechanism involving increases in oxidative stress and inflammation. Fig. 1 Summary of the mechanisms mediating the toxicity of amphetamine-related drugs of abuse. Acute increases in glutamate may increase Ca 2+ influx resulting in NOS activation and the production of NO which can produce ONOO − via a reaction with superoxide. Similarly, acute increases in dopamine may be enzymatically metabolized to form H 2 O 2 which can be further converted via the Fenton reaction to hydroxyl radicals (OH). In addition to OH directly increasing oxidative stress, the production of ONOO − can modify proteins such as VMAT2 which may compromise its function and increase the availability of extracellular dopamine to undergo enzymatic metabolism or auto-oxidation to further increase oxidative stress. The production of ONOO − may also directly inhibit mitochondrial function which may further propagate increases in oxidative stress. The increases in both mitochondrial dysfunction and oxidative stress may also influence and enhance inflammatory responses that further interact to increase MMP activation. The increases in mitochondrial dysfunction, oxidative stress, and inflammation may result in neuronal damage to dopaminergic and serotonergic terminals which may or may not be dependent on MMP activation. Calpain activation following acute increases in glutamate may also produce neuronal damage Although no studies to date have investigated the hypothesized role of MMPs in mediating METH-induced BBB permeability and toxicity, a few studies have linked MMPs to the rewarding effects of METH, namely METHinduced behavior sensitization and conditioned place preference (CPP). For example, repeated low doses of METH that result in behavioral sensitization induce the expression of MMP-2 and MMP-9 in the frontal cortex and nucleus accumbens. The importance of these increases in MMP-2 and MMP-9 in mediating the rewarding effects of METH are illustrated by a decrease in CPP in both MMP-2 and MMP-9 knockout mice compared to wild-type mice (Mizoguchi et al. 2007b ). Further support is provided by studies showing that MMP-2 and MMP-9 knockout mice demonstrate an attenuation of METH-induced DA release in the nucleus accumbens (Mizoguchi et al. 2007b) . Given that dopaminergic transmission in the nucleus accumbens is important in mediating the rewarding effects of drugs of abuse, a decrease in METH-induced CPP may occur through an attenuation of METH-induced DA release in the nucleus accumbens. In addition, MMPs are important mediators of learning and memory and MMP-9 knockout mice display impairments in long-term potentiation and hippocampal-dependent memory (Nagy et al. 2006) . Since learning and memory are important in the development of drug dependence that occurs with the chronic administration of drugs of abuse, MMP-2 and MMP-9 may play an essential role in the development of METH-induced sensitization and CPP through their effects on learning and memory (Mizoguchi et al. 2008) .
Glutamate Dopamine
Despite the limited research on the role of MMPs in mediating the toxicity to drugs of abuse, there is evidence that MMP-2 and MMP-9 are involved in drug reward such that inhibition of MMP-2 and MMP-9 attenuates the rewarding effects of chronic low-dose METH (Mizoguchi et al. 2007a) . Therefore, based on this and emerging evidence that MMPs are activated after high-dose METH administration and given the rationale for their hypothesized role in mediating BBB permeability, future studies are required to further elucidate the role of MMPs in mediating the abuse liability and toxicity of high-dose METH administration.
Conclusion
In conclusion, this review highlights the mechanisms of toxicity produced by the amphetamine class of drugs of abuse, with a specific focus on oxidative stress, metabolic compromise, and inflammation. As illustrated in Fig. 1 , an overall schematic representation of the mechanisms of METH and MDMA toxicity is presented. The acute increases in glutamate and DA observed during METH and MDMA administration produce an increase in both ROS and RNS that results in increases in oxidative stress, mitochondrial dysfunction, and inflammatory responses. These increases in oxidative stress, mitochondrial dysfunction, and inflammation interact synergistically to promote neuronal damage. These increases are also hypothesized to contribute to an increase in MMP activation which can, via disruption of the BBB, promote toxicity to dopaminergic and serotonergic neurons.
